Abstract. In 2006, Ghana ranked second in Guinea worm disease (GWD) incidence and reported a previously undocumented 20% prevalence of worm breakage. A prospective study was conducted in 2007 to validate and describe worm breakage and determinants. Among 221 patients with known outcomes, the worm breakage rate observed was 46%. After controlling for demographics, worm and wound presentation, and treatment course and provision, worm breakage was associated with narrow-diameter worms (< 2 mm) (adjusted odds ratio [AOR] 2.79; 95% confidence interval [CI] = 1.03-7.53). Protective factors against worm breakage included antibiotic ointment use (AOR 0.31; 95% CI = 0.14-0.70), bandage protocol compliance (AOR: 0.38; 95% CI = 0.16-0.89), intact bandages (AOR 0.27; 95% CI = 0.09-0.82), and bloody compared with dry wounds (AOR 0.09; 95% CI = 0.01-0.7). The high worm breakage rate observed warrants improvement in case management and patient care. Adherence to established treatment protocols should be facilitated through improved provider training and supervision to reduce the disabling consequences of broken worms.
INTRODUCTION
Dracunculiasis, or Guinea worm disease (GWD), is an ancient, preventable parasitic infection caused by ingestion of unfiltered fresh water that contains infected copepods, the intermediary hosts of Guinea worm. Infection manifests approximately 1 year after consumption of contaminated water, generally among persons who are limited to drinking untreated, unfiltered water from reservoirs and ponds. Infection is apparent following the protrusion of a white worm, approximately 2 mm in diameter and up to 1 m in length, through the patient's skin. Infection with multiple worms simultaneously is frequent ( Figure 1 ) and can prolong recovery. No immunity is conferred by infection and annual re-infection can occur without simple prevention measures. [1] [2] [3] [4] [5] [6] [7] [8] [9] Guinea worm disease is almost eradicated; in 2007, indigenous cases were reported in only five African nations. 1 In 2006, a total of 25,217 cases were reported in nine countries, 98% of which were reported in Ghana and Sudan. 2 That year, broken Guinea worms among patients in Ghana were reported to the lead agency in global eradication efforts, The Carter Center, and to the World Health Organization (WHO) Collaborating Center for Research, Training, and Eradication of Dracunculiasis at the Centers for Disease Control and Prevention (CDC). 1, [3] [4] [5] [6] One of the hallmarks of effective eradication programs is case containment to prevent ongoing disease transmission. 3, [7] [8] [9] Successful GWD case containment requires fulfilling the following four criteria: 1) the patient is detected within 24 hours of worm emergence; 2) the case is verified by a supervisor within 7 days of worm emergence; 3) the patient has not entered any water source since worm emergence; and 4) the patient has been correctly managed, receiving daily treatment and health education until full worm removal. [8] [9] [10] Daily treatment involves a series of modalities provided over a series of days until worm removal is achieved. The standard order of modalities are immersing the affected body part in water to hasten worm emergence (i.e., controlled immersion), cleaning the wound site with antiseptic cleanser, applying gentle manual traction to the worm to facilitate removal, 8 coiling the worm around a fresh piece of rolled gauze ( Figure 1 ), applying antibiotic ointment, and covering the worm and wound with a clean bandage by using correct bandaging techniques.
To ensure correct patient care and management, each national program has adapted detailed patient treatment guidelines recommended by The Carter Center, the WHO Collaborating Center at CDC, WHO/Geneva, UNICEF, and other partners of the coalition of organizations supporting the eradication campaign. In Ghana, treatment training protocols were implemented by the Ghana Guinea Worm Eradication Program (GGWEP) supervisory staff, technical assistants, volunteers, and other lay providers. Ghana ranks second behind Sudan in annual GWD incidence, reporting 4,136 cases in 2006. 2, [10] [11] [12] During the first half of 2006, the GGWEP reported only 40% success in case containment. The leading reason for case containment failure was cited as worm breakage, because one criterion of correct care had not been met when worms broke during manual extraction. Worm breakage and the subsequent inability to remove the worm had been observed to worsen the primary inflammation and to increase the likelihood of secondary bacterial infection, abscess, cellulitis, and sepsis. Program staff in Ghana also reported adverse effects of breakage, including exacerbated morbidity because of wound infection and decreased school and work attendance.
During 2006, the GGWEP reported an overall breakage rate of 20%. Although worm breakage has been observed in all countries involved in the eradication campaign, improvements in the documentation of worm outcomes in Ghana provided data to describe and study this problem for the first time since the Guinea worm eradication campaign began in 1986. In January 2007, a prospective outcome comparison study was initiated to evaluate the occurrence and determinants of Guinea worm breakage and to assess the impact of this problem on case containment.
METHODS

Study design.
Programmatic staff and volunteers were directly observed performing wound management and patient education for active cases of GWD. Patients were enrolled and followed-up in the three endemic districts with the highest incidence and highest reported rates of broken worms in 2005: Tolon/Kumbungu, Savelugu/Nanton, and Tamale Municipal District. All three districts are in the Northern Region of Ghana.
11
Participant selection and description. Patients were enrolled using consecutive sampling in each district. Eligibility for enrollment included GWD patients with at least one newly emerging Guinea worm, for which treatment could be observed from the time of worm emergence to worm removal. Newly emerging worms included all worms beginning to protrude through the surface of a patient's skin. Various anatomic locations of worm emergence were observed and recorded in this study. All GWD patients were treated by GGWEP or Ghana Health Services (GHS) staff and volunteers during the study period (January 22-March 23, 2007). The study was explained to patients and consent was sought from all participants. Verbal consent from adult patients and verbal assent of minor patients was obtained with caregiver approval before data collectors recorded any observations or interactions. After participant consent was obtained, data collectors recorded demographic information and observed treatment sessions until a worm outcome occurred.
Worm outcomes were directly observed and classified by trained data collectors. A broken worm outcome was defined as premature breakage of an emerging Guinea worm before full extraction of the worm, from any cause during the study period. Worm breakage circumstances were observed and recorded. An intact, removed worm outcome involved full manual (nonsurgical) extraction of an emerging Guinea worm during the study period.
Data collection. Ten data collectors were trained intensively at Guinea worm case containment centers. Training involved supervisor instruction and guided observation of patients and providers to gain familiarity with Guinea worm treatment modalities. Varieties of worm and wound presentations were carefully reviewed and examples of patients with various stages of worm emergence were observed. Data collectors met with GGWEP and GHS staff daily to determine if new cases in their jurisdiction had been reported. Each day, data collectors identified, enrolled, and observed the Guinea worm treatment of new patients and observed the continued treatment of enrolled patients. The principal investigator supervised data collection in each district.
Explanatory variables. All data collected directly from patient interviews and observations were recorded on registers developed for the study. Demographic information included estimated patient age, years of formal education, school enrollment status, occupation, and drinking water sources during the year before enrollment (the likely contaminated water source of newly emerging Guinea worms). Patients' GWD history variables included prior diagnosis of GWD and history of broken worms. Treatment course variables included day of treatment initiation, day of worm emergence, and treatment location. Because daily treatment lasted a median of 7 days (range: 0-47 days), duration of treatment days was also included.
Daily treatment modalities observed involved 1) controlled immersion, 2) wound site cleaning, 3) worm coiling around gauze, 4) antibiotic ointment application, and 5) bandaging. Treatment modalities received were summarized over each patients' course of care, and categorized as consistent (daily provision), inconsistent (intermittent provision), and never received. Treatment was recorded until an outcome of worm breakage or intact worm removal was observed. Descriptions of worm breakage circumstances were included for all observed breakage events. Additional patient variables included pain level and responses to three health education questions as follows: 1) "What should you do if you see someone with GWD?" (correct response: "Report the case."); 2) "What should you avoid doing when you have GWD?" (correct response: "Avoid entering water."); 3) "What can you do to prevent GWD?" (correct response: "Filter drinking water."). 6 Descriptions of patients' Guinea worms and associated wounds were also recorded daily. Worm presentation included number of emerging worms, worm location (anatomic site where worm protruded from the patient), and descriptions of color, estimated diameter, and shape of the worm. Worm diameter was determined by a visual reference point and recorded daily. A 2-mm-diameter spaghetti noodle was used as a reference tool; worms with a diameter of about 2 mm were classified as "typical," whereas worms with smaller and larger diameters were classified as "narrow" or "thick," respectively. As the shape of Guinea worms can vary from round at the time of emergence to flat after several days of coiling extraction, a description of worm shape was also collected. Wound evaluation parameters included presence of exudate and estimated wound size. The GGWEP database was queried to provide the date of worm emergence and date of treatment initiation; these data are collected from staff observations and patient self-report.
Hypotheses. We hypothesized that the 20% worm breakage rates originally reported were inflated and that worm breakage was associated with non-provision of treatment modalities. We also hypothesized that delayed treatment initiation could modify the effects of large wound diameter (≥ 15 mm) and shorter treatment duration on worm breakage. The basis of this hypothesis was observations of patients with delayed treatment who ignored or self-treated wounds, potentially leading to wound infection, which could increase wound size and cause premature breakage.
Data management and analysis. Because multiple enrolled patients experienced more than one emerging worm during the study period, daily treatment modalities (controlled emersion, wound cleaning, worm coiling, antibiotic ointment application, and bandaging) were observed for each worm separately, and data regarding the first worm to reach an outcome (the "study worm") were entered into the study data set. For each treatment variable, daily treatment observations were collapsed into categories reflecting consistent and inconsistent versus absent treatment provision. Children's school enrollment status was categorized as pre-school youth (ages 2-5 years), in-school youth (ages 6-14 years), or out-of-school youth (ages 6-14 years). For adults (defined as persons 15 years and older), occupations were classified as homemakers, goods traders, crafts persons, laborers, field workers, or unknown. Worm and wound presentation variables used in analysis involved the recorded shape and size of the worm and associated wound on the day the worm outcome was achieved.
Descriptive data analysis involved frequency and distribution statistics. Contingency tables were tested with Pearson's χ 2 to determine variability in the distribution of categoric variables for each study outcome, with an α-level of ≤ 0.05 indicating statistical significance and ≤ 0.10 approaching significance. Covariates that met certain criteria were used to build a base multivariable regression model. Modeling was performed by using logistic regression with coefficients transformed to odds ratios (OR). Variables with statistically significant associations in bivariate analysis, potential confounders, and variables determined to be clinically significant were included in initial models. From these initial models, variables that were not significantly associated with breakage outcomes and those that did not confound associations were removed. Covariates that statistically modified effects of other variables were assessed by using interaction terms. All analyses were conducted by using STATA SE software (version 8.1, StataCorp, LP, College Station, TX).
Human subjects exemption . The National Center for Zoonotic, Vector-Borne, and Enteric Diseases' Division of Parasitic Diseases reviewed the protocol for this study in January 2007. Because the primary objective of this study was program evaluation, it was deemed exempt from Institutional Review Board clearance by the CDC Human Subjects Office.
RESULTS
Descriptive and bivariate statistics. A total of 266 patients were enrolled throughout the 9-week study period and represented 22% of reported GWD cases from the study districts. Forty-three (16%) patients were lost to follow-up, and two (0.8%) had not completed treatment by the end of the study period or had worms that had been surgically extracted after the patient's enrollment.
The majority (182, 68%) of patients enrolled were from Savelugu/Nanton district, followed by Tamale (53, 20%), and Tolon/Kumbungu districts (31, 12%). The rate of patients lost to follow-up varied by study district, as follows: 21% in Savelugu/Nanton, 8% in Tamale, and 3% in Tolon/Kumbungu. The overall rate of worm breakage among enrolled patients varied by study district as well, with 47% broken in Tamale, 38% broken in Savelugu/Nanton, and 26% broken in Tolon/ Kumbungu. The rates of worm breakage did not vary significantly across districts among patients treated in home settings; however, worm breakage rates in the Savelugu/Nanton and Tamale districts' GWD clinics, called case containment centers (both 50%), were significantly higher than the Tolon/ Kumbungu case containment center (18%).
We compared distributions of demographic, GWD history, worm and wound presentation, and treatment course and provision variables between patients with broken worms and patients with intact removed worms ( Table 1 ) . Among the 221 patients with known outcomes, 40% were female; 51% were children < 11 years of age; and 89% had reported using a local reservoir as a primary drinking water source during the year before enrollment. Approximately 87% of enrolled patients were treated in case containment centers, rather than at home; this tendency did not vary by outcome group.
The overall rate of worm breakage observed was 46% (102/221). The leading observed cause of breakage was attributed to staff treatment factors (57%, 58/102), primarily overly aggressive manual traction. For 33 patients (32%), patient factors were cited as the primary breakage cause, including patients attempting to self-treat, patients' lack of compliance with mobility restrictions, and patients interfering with treatment provision. For 11 patients with broken worms, (11%), worm breakage was not observed or causes of worm breakage could not be determined.
Because both children and adults were enrolled in the study, we analyzed differences in outcomes among persons engaged in work or school activities by age. Median age of study patients was 11 years, with a range of 2-65 years. Similar proportions of adults experienced broken and removed worms, regardless of employment status. Among 64 patients ≥ 15 years of age, no differences occurred in worm outcomes when comparing laborers, field workers, craftspeople, and traders. As shown in Table 1 , the odds of worm breakage among children ages 6-10 was significantly higher than among children 2-5 years old (OR 2.9; 95% CI 1.1-7.5) in bivariate analysis. Upon further investigation, among the 157 enrolled children aged 2-14 years, there was a statistically significant increase in the rate of worm breakage comparing in-school youth (58%) with out-of-school youth (31%) and young, pre-school age children (10%, P ≤ 0.05).
Among the 206 participants who responded to all three health education questions, a majority of respondents correctly stated that they would report GWD cases (143, 69%), filter water (139, 68%), and abstain from entering drinking water sources when infected with GWD (127, 62%). Young, pre-school age children scored lower on all health education questions compared with older children. However, there were no significant differences in the proportions of correct responses to the three questions when comparing in-school to out-of-school youth. In addition, there were no differences in scores by outcome group for any age category. Certain differences in worm and wound presentation were observed in bivariate analysis when comparing study outcomes among all participants ( Table 1 ) . No variability existed in outcomes with regard to worm shape, multiple emerging worms, or anatomic locations of study worms. However, patients with narrow-diameter worms had significantly increased odds of worm breakage (OR 3.01; 95% confidence interval [CI] = 1.5-6.03). Delays in treatment of > 24 hours after GW emergence was also associated with significantly increased odds of worm breakage in bivariate analysis (OR 2.31; 95% CI = 1.03-5.18). Compared with treatment duration of ≤ 3 days, treatment course lasting ≥ 4 days was significantly protective against worm breakage (OR 0.53; 95% CI 0.29-0.95).
Treatment provision variables were dichotomized to compare patients with consistent or inconsistent receipt of treatment modalities with patients who never received these modalities. Similar proportions of patients in each outcome group experienced consistent or inconsistent controlled immersion treatment and wound cleaning with antiseptic cleanser, compared with patients who never received these treatments. In bivariate analysis, patients had significantly reduced odds of worm breakage when treatment providers used worm coiling techniques (OR 0.40; 95% CI = 0.22-0.75) and applied antibiotic ointment (OR 0.55; 95% CI = 0.32-0.96), compared with nonuse of these modalities. Similarly, patients who were able to keep bandages intact for 24 hours between rebandaging applications experienced significantly reduced odds of breakage (OR 0.41; 95% CI = 0.20-0.86).
Stratified analyses. Although we hypothesized that delayed treatment initiation (≥ 24 hours) increased wound infection and formed larger wounds, results yielded only a 0.21 correlation between wounds with diameters ≥ 15 mm and delayed treatment initiation ( P = 0.006). A multiplicative interaction term of these variables tested in the multivariable model was not significant.
Similarly, we explored the association between delayed treatment initiation (> 24 hours) and short treatment duration (≤ 3 days). We observed a worm breakage rate of 43% among the 159 patients whose treatment was initiated ≤ 24 hours after worm emergence per GGWEP protocols and a significantly higher rate (63%; P < 0.05) among the 30 patients for whom treatment had been delayed (range 2-9 days after worm emergence). However, among both the treatment delayed and the nondelayed groups, the rate of worm breakage was similar (68%) among patients whose treatment duration lasted ≤ 2 days.
Multivariable models. After controlling for sex, age, number of emerging worms, worm location, worm diameter, wound diameter, wound exudate, treatment initiation, treatment duration, antibiotic ointment application, bandage protocol, and bandage integrity, we determined that worm presentation and treatment provision variables were significantly associated with the odds of Guinea worm breakage ( Table 1 ) . Odds of worm breakage significantly increased for patients with narrow worm diameter (adjusted odds ratio [AOR] 2.8; 95% CI = 1.03-7.5). The three treatment provision variables modeled significantly reduced the odds of breakage after controlling for other factors, as follows: antibiotic ointment application (AOR 0.3; 95% CI = 0.1-0.7), following bandage protocols (AOR 0.4; 95% CI = 0.2-0.9), and maintaining bandage integrity (AOR 0.3; 95% CI, 0.1-0.8). In addition, the presence of bloody exudate was significantly associated with reduced worm breakage (AOR 0.1; 95% CI 0.01-0.7), compared with dry wounds.
Although not significant at the α-level of 0.05, the increased odds of breakage among persons with multiple emerging worms approached statistical significance in a multivariable model (AOR 2.3; 95% CI = 0.9-6.1). The odds of breakage among patients with worms located in the ankle or foot increased compared with patients with worms emerging from other areas of the body, a finding that also approached statistical significance (AOR 2.6; 95% CI = 1.0-6.7). The bivariate associations of treatment delay and short treatment duration with worm breakage were likely confounded by other factors, as they did not remain significantly associated after controlling for other variables ( Table 1 ) .
We also examined differences in risk and protective factors by age ( Table 2 ) . Among patients 15 years of age and older, the only variable statistically associated with decreased worm breakage was the application of antibiotic ointment (AOR 0.02; 95% CI = 0.001-0.3) after controlling for other factors. Also among these patients, large wound diameter was associated with a 7.5-fold increase in worm breakage, (AOR 7.5; 95% CI = 0.8-68.0, P = 0.07), a finding that approached statistical significance. Among children 2-14 years of age, the two other treatment provision variables modeled significantly reduced the odds of breakage: after controlling for other factors following bandage protocols (AOR 0.3; 95% CI = 0.1-0.8), and maintaining bandage integrity (AOR 0.3; 95% CI = 0.06-0.96). Children also showed a significant, independent protective effect from breakage with the presence of bloody wounds compared with dry wounds (AOR 0.05; 95% CI = 0.004-0.7). In addition, the odds of worm breakage nearly tripled among children with multiple emerging worms, compared with only one worm (AOR 2.8; 95% CI = 0.9-8.2), a finding that approached statistical significance in a multivariable model.
DISCUSSION
This study both verified and quantified the Guinea worm breakage accounts reported by program staff. Furthermore, this study confirmed that factors associated with breakage contribute to low case containment rates, including delayed treatment initiation and inadequate provision of care. The 47% breakage rate that we observed is > 2 times the breakage rates reported in 2006, refuting our original hypothesis of inflated breakage reports.
During this study, we observed and statistically modeled risk and protective factors associated with worm breakage. We statistically modeled that adherence to established treatment protocols was significantly protective against Guinea worm breakage and that non-adherence was attributed to the majority of breakage events observed. Furthermore, we determined that the protective nature of treatment modalities was not confounded by the other measured factors. These findings are especially essential because they reinforce existing treatment protocols recommended by GGWEP.
Although this study was not powered to examine differences by age, the direction of effect for each variable in the overall analysis ( Table 1 ) is the same for each variable in the age-specific analyses ( Table 2 ) , leading the observer to conclude that the same variables were generally protective or generally risk factors for patients of all ages. The one exception to this trend is the reverse direction of delayed treatment among children in the age-specific model. Considerable missing values for this variable among children might explain this result, as many child patients were frequently unsure of treatment onset dates.
In the age-specific analyses, adults showed significant protection from the application of antibiotic ointment, whereas children showed significant protection from the correct application and maintenance of bandages. This might indicate that adults benefit most from hydrated wounds, whereas children might benefit most from bandages that protect against shearing and tearing forces that could break worms. Similarly, children with bloody wounds might have had "healthy" wounds with worms that were more intact and less inclined to break. In addition, these children might have been less inclined to open or damage their bandages, a potential additional reason for decreased odds of worm breakage for these patients. Results indicate protective effects of these wound treatments and bandaging were apparent across ages, but because of small numbers in stratified analyses, only the strongest associations had statistical significance.
A key risk factor we modeled, narrow worm diameter, is under further study. No evidence exists that narrow-diameter worms are intrinsically different from other worms. However, when a narrow-diameter worm is observed, it might signal staff to triage the patient to an experienced provider. Our finding that wounds with bloody exudate were protective against worm breakage might have been a proxy measurement for healthy active wounds. Wounds with purulent exudate indicate infection, whereas wounds without visible exudate might indicate inactive wounds left dry between treatments. Either condition could lead to less robust worms and result in narrow worm diameter and an increased likelihood of worm breakage. This study has three limitations to consider. First, certain analyses were underpowered. With a relatively low sample size and variation in multiple explanatory variables, we were unable to fully explore certain hypotheses (e.g., the effect of delayed treatment initiation on wound infection, wound size, and worm breakage). Additionally, with a mixed population of children and adults, the study of differences by age was not fully powered. Second, the number of patients lost to followup varied by study district, which might reduce generalizability of findings. This differential loss was caused in part by a substantial GWD outbreak in Savelugu town during JanuaryFebruary 2007; the outbreak had been the result of disruption of the local water supply system in March 2006.
11 That outbreak substantially burdened program capacity to follow all patients. Finally, rater bias might have been introduced during data collection because certain measurements were subjective in nature and were recorded by 10 data collectors. We attempted to limit this bias with daily quality assurance and control checks and with close supervision during all data collection activities in the three districts.
The programmatic structure of the GGWEP involves heavy dependence on volunteer and novice staff for daily patient care. 4, 6, 13 Strengths of GGWEP structure include engendering a sense of community responsibility and decreasing stigma associated with case status. Limitations of this structure, however, were apparent in the quality of wound management and patient care provided by the volunteers and staff. In certain case containment centers, formally trained medical staff for supervising volunteers and novice staff were either inconsistently available or sometimes nonexistent. Furthermore, the majority of new staff had been trained by personnel with practical experience but who lacked formal medical training. When surges in patient volume occurred, the limitations of this structure became more apparent and quality of care was compromised.
In Ghana, we observed that Guinea worm breakage caused by staff might be a potential disincentive for GWD patients to seek care, and therefore, their cases might not be reported. Guinea worm breakage can lead to severely exacerbated pain, infection, and impaired mobility for patients. These outcomes were not formally measured in this study but were observed when patients with broken worms returned for further care. Worm breakage was a concern of both patients and staff, and if perceived to be a consequence of inadequate treatment provision, might dissuade patients from seeking care. Consequently, patients who are not identified and those whose transmission risk is not contained can spread GWD and impede the eradication progress. For these reasons, specifically targeted educational messages about the consequences of Guinea worm breakage should be considered in endemic areas.
Our primary recommendation is to improve the training and supervision of staff with patient care responsibilities through the enforcement of existing treatment protocols. To avoid a broken worm outcome, inexperienced staff should be prevented from performing invasive wound care without direct supervision by medically trained personnel. If this recommendation is not feasible, regular supervisory visits and training of novice staff by medical personnel should be considered. During the study period, medical personnel from Europe and North America often visited the Tamale area and volunteered in case containment centers. These resources can be used to supplement existing medical personnel in GGWEP and GHS and to reinforce best treatment practices, thereby helping to improve the quality of patient care. All staff providing patient care should be required to complete a basic course in wound management; refresher and continuing education courses should also be provided at least annually. Key training activities should focus on appropriate wound management and infection control.
The findings of this study underscore the need to improve patient care practices to reduce breakage and to increase the proportion of cases contained. Results from this study led to development of an enhanced provider training protocol approved by The Carter Center and the WHO Collaborating Center at CDC and were shared with GGWEP immediately after the study. Implementation and evaluation of enhanced provider training is recommended to reduce the occurrence and painful consequences of Guinea worm breakage in Ghana and to markedly enhance patients' quality of life. 
